Like the venoms of other animals, the skin secretions of these frogs show proteolytic and fibrinolytic activity and have hyaluronidase, which is nontoxic and nonproteolytic but promotes diffusion of toxins. These frogs have well-developed delivery mechanisms, utilizing bony spines on the skull that pierce the skin in areas with concentrations of skin glands. C. greeningi has greater development of head spines and enlarged skin glands producing a greater volume of secretion, while A. brunoi has more lethal venom. C. greeningi and A. brunoi have highly toxic skin secretions and an associated delivery mechanism; they are therefore venomous. Because even tiny amounts of these secretions introduced into a wound caused by the head spines could be dangerous, these frogs are capable of using their skin toxins as venoms against would-be predators.
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In Brief Jared et al. show the Brazilian hylid frogs Corythomantis greeningi and Aparasphenodon brunoi have bony spines on the skull that pierce the skin in areas with concentrations of skin glands and act as a delivery mechanism for the frog venoms. The venoms, produced by the skin glands, are more lethal than those of deadly venomous pitvipers (Bothrops).
SUMMARY
Venomous animals have toxins associated with delivery mechanisms that can introduce the toxins into another animal [1] . Although most amphibian species produce or sequester noxious or toxic secretions in the granular glands of the skin to use as antipredator mechanisms [2, 3] , amphibians have been considered poisonous rather than venomous because delivery mechanisms are absent. The skin secretions of two Brazilian hylid frogs (Corythomantis greeningi [4] and Aparasphenodon brunoi) are more toxic than the venoms of deadly venomous Brazilian pitvipers, genus Bothrops [5] ; C. greeningi secretion is 2-fold and A. brunoi secretion is 25-fold as lethal as Bothrops venom. Like the venoms of other animals, the skin secretions of these frogs show proteolytic and fibrinolytic activity and have hyaluronidase, which is nontoxic and nonproteolytic but promotes diffusion of toxins. These frogs have well-developed delivery mechanisms, utilizing bony spines on the skull that pierce the skin in areas with concentrations of skin glands. C. greeningi has greater development of head spines and enlarged skin glands producing a greater volume of secretion, while A. brunoi has more lethal venom. C. greeningi and A. brunoi have highly toxic skin secretions and an associated delivery mechanism; they are therefore venomous. Because even tiny amounts of these secretions introduced into a wound caused by the head spines could be dangerous, these frogs are capable of using their skin toxins as venoms against would-be predators.
RESULTS AND DISCUSSION
In order to demonstrate that an organism is venomous, it is necessary to determine that toxins are both present and associated with a delivery mechanism. We have determined that the skin secretions of Aparasphenodon brunoi ( Figure 1A ) and Corythomantis greeningi ( Figure 1B ) are highly toxic. Secretions from the head or body of both species were lethal to mice when injected intraperitoneally in microgram quantities. The lethal dose 50 (LD 50 ) of A. brunoi secretion was as follows: head, 3.12 mg; body, 4.36 mg. The LD 50 of C. greeningi was as follows: head, 51.94 mg; body, 49.34 mg. Skin secretion of both species induced edema in mice at all tested doses, reaching the highest values at a dose of 8 mg after 30 min for A. brunoi and after 60 min for C. greeningi (Figures 2A and 2B ). There was persistent edema 72 hr after injection, particularly at doses of 32 mg and 8 mg in both species, and for C. greeningi even at a dose of 0.5 mg. Secretions of both frogs induced nociception in mice, regardless of dose ( Figure 2C ). The skin secretion of a related species, A. venezolanus, has been reported to cause pain and visual impairment in humans [6] .
The electrophoretic profiles of proteins in the secretions from the head and body of both species showed a number of similarities, but there were some bands unique to each species (Figure S1 ). The differences between the two species were clear in the regions between 12 and 37 kDa and between 45 and 120 kDa. Additionally, there were unique bands in the head secretion of each species at about 60 kDa. The secretion of A. brunoi showed a greater diversity of bands with enzyme activity than did the secretion of C. greeningi ( Figure S1 ). The secretions showed proteolytic activity typical for animal venoms [1, 7, 8] . Gelatinolytic and caseinolytic activities were detected exclusively in the body secretion of A. brunoi. Fibrinogenolytic activity was detected in the body secretion of A. brunoi and in both body and head secretions of C. greeningi. A common single band showing hyaluronidase activity was detected in all samples except the body secretion of A. brunoi. Hyaluronidase is present in the venoms of all major families of venomous snakes [8] and Gila monsters [9] ; it is nontoxic and nonproteolytic but acts as a spreading factor to allow diffusion of toxins [9] . We are unaware of reports of hyaluronidase in other amphibian skin secretions.
The venom delivery mechanism in these frogs is in the form of spines on the head associated with the toxin-producing skin glands. The heads of both A. brunoi ( Figures 1A, 1C , and 1E) and C. greeningi ( Figures 1B, 1D , and 1F) are flattened and rough, with a co-ossified dermal stratum compactum and prominent occipital and labial spiny ridges ( Figures 3A-3D and 4A-4D). They have rostral projections that form a conspicuous protrusion similar to an upper lip, especially in C. greeningi [4] . The skulls of both species have numerous bony spines, enlarged in the nasal, jaw, and occipital regions ( Figures 1C-1F ). The rostral areas around the nostrils and in the superior lip ( Figures 4A-4F ) show more prominent spines, associated with concentrations of mucous and especially granular glands (Figures 3B , 3C, and 4B-4D). The granular glands in the skin of the head are enlarged in C. greeningi (320 ± 14 mm in diameter and 524 ± 30 mm in height), in comparison with the granular glands on the body (123 ± 25 mm in diameter and 30 ± 20 mm in height). Head and body granular glands of A. brunoi are similar in size (121-129 mm diameter and 123-130 mm height) and are much smaller than the head glands of C. greeningi. However, the glands of the dorsal skin and head in both species are similar histochemically ( Figures 4E and 4F) .
In both species, spines pierce the epidermis in areas of the skin well supplied with granular glands ( Figures 3A-3D, 4C , and 4D). When restrained by hand, these frogs release a sticky secretion and flex the head, jabbing and rubbing the spines into the hand. Many of the spines pierce the skin and are coated with the skin secretion ( Figure 3A) . These frogs have an unusual ability to flex the head laterally and vertically, as compared to most other frogs, thereby facilitating contact between the spines in the rostral and posterior margin of the head and the hand grasping the frog. One of us (C.J.) was injured on the hand by the spines of C. greeningi while collecting frogs, causing intense pain radiating up the arm, lasting about 5 hr. This action should be even more effective on the mouth lining of an attacking predator.
In conclusion, we have demonstrated that the Brazilian frogs C. greeningi and A. brunoi produce highly toxic skin secretions, have an active delivery mechanism, have bony spines that pierce dense beds of toxin-producing skin glands, and should thus be considered venomous. The toxicity of the skin secretion of A. brunoi is truly impressive, being 25-fold higher than that found in the deadly venomous pitviper genus Bothrops, which averages an LD 50 of 94.8 mg in mice [5] . Interestingly, the toxicity of C. greeningi, while still substantial (nearly twice that of Bothrops), is less than that of A. brunoi; however, C. greeningi has greater development of head spines and enlarged skin glands producing a greater volume of secretion.
Although these frogs do not have a venom delivery system as effective as pitvipers, even tiny amounts of skin secretion introduced into a wound caused by the head spines could be dangerous to a would-be predator. There are other amphibians that probably should be considered as venomous, including salamanders with ribs that pierce through the skin (Echinotriton and Pleurodeles) [10] [11] [12] and frogs with spines in the head region (Diaglena spatulata [13] , Anotheca spinosa [14] , and Polypedates ranwellai [15] ), but information on the toxicity of their skin secretions is lacking. Polypedates ranwellai belongs to a genus known to have tetrodotoxin in skin secretions [16] , but tetrodotoxin has not been assessed in that species. It is likely that venomous amphibians are more toxic and common than previously assumed.
EXPERIMENTAL PROCEDURES
Fifteen specimens of A. brunoi (mean snout-vent length [SVL] 87.3 ± 0.88 mm) were collected in Goytacazes National Reserve in Linhares, Espírito Santo state, Brazil. The area is located within the Atlantic Forest biome that originally covered about 1.3 million km 2 (15% of the national territory) [17] . The dense vegetation is mainly composed of trees, arboreal vegetation, and epiphytes. Average annual temperature is 18 C -29 C, and average annual rainfall is 900-1900 mm [18] . Fifteen specimens of C. greeningi (mean SVL 68.6 ± 0.25 mm) were collected in the semi-arid region of Brazil (Caatinga) at Fazenda Sã o Miguel, in the municipality of Angicos, state of Rio Grande do Norte, Brazil. Known for spiny, xeric vegetation and abundant cacti, the Caatinga covers about 800,000 km 2 [19, 20] . This region has high average annual temperatures,
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C-28 C [21] , and low annual rainfall, 300-800 mm. The rainy season occurs from January to March but is somewhat unpredictable, and in certain localities, there may be periods of drought when rainfall does not occur for several consecutive years. Skin secretions from the head and body of ten frogs of each species were obtained by separate manual stimulation while frogs were immersed in distilled water. The samples were frozen, lyophilized, and diluted in PBS (pH 7.4), and protein concentration was estimated using the bicinchoninic acid (BCA) method. These solutions also were used for mouse toxicity, edema, and nociception experiments. Swiss male mice (six per dose), weighing 18-20 g, were used to determine LD 50 [22] . Secretions were injected intraperitoneally at doses 12. To detect nociceptive activity, we injected Swiss male mice (six per dose), weighing 18-20 g, in the right hind paw with one of five doses (32, 8, 2, 0.5, 0.125 mg) of the skin secretion of either species in 30 ml of PBS. Animals injected with only PBS were used as negative controls. Mice were placed individually under glass funnels on a mirror. The time of reactivity of the animals licking or biting the injected foot was measured in seconds during 30 min of visual evaluation [23] .
Protein profiles were determined from A. brunoi and C. greeningi skin secretions (20 mg) diluted in non-reducing sample buffer loaded onto 12% SDS-PAGE [24] . To evaluate protease and hyaluronidase activities of skin secretions, we used casein, gelatin, and fibrinogen [25, 26] as protease substrates, and hyaluronic acid from rooster comb was used as hyaluronidase substrate using 40 mg of each sample [26, 27] . Clear areas in the gel indicated regions of enzyme activity. Pre-stained molecular mass markers (BioRad) were used as mass parameters.
Five specimens of each species were euthanized with a lethal dose of thiopental and fixed in Bouin fixative or 4% formaldehyde in PBS. One head of each species was immersed in sodium hypochlorite for removal of soft tissues and photographed. Two heads of each species were prepared, one for histology, after prior decalcification in 4% EDTA for two months, and another for scanning electron microscopy (SEM). Dorsal and ventral skin samples from three individuals of each species were taken for histology. The decalcified heads were dehydrated, embedded in paraffin, sectioned, and stained with hematoxylin-eosin. The skin samples were dehydrated, embedded in glycol methacrylate (historesin), sectioned, and stained with toluidine blue-fuchsin. In other sections, proteins were detected using bromophenol blue. Images were obtained from an Olympus BX51 microscope equipped with a CCD camera Q Color 5 (Olympus Corporation of the Americas) coupled with the software Image-Pro Express (Media Cybernetics). For SEM, the skulls were dehydrated in a critical point dryer, sputter coated with gold, and examined under a microscope FEI Quanta 250, operating at 10 kV. Figure S1 .
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